We show that NMR multi-time correlation functions provide interesting new insights into the nature of lithium and silver ion dynamics in solids. For solid ion conductors, they usually probe the elementary jumps of the long-range charge transport. NMR two-time correlation functions yield rates and activation energies of the ionic hopping motion. Moreover, they reveal that the ionic relaxation exhibits a strong nonexponentiality in the studied crystals and glasses. NMR three-time correlation functions enable quantitative determination of the origin of the nonexponentiality. For various solid-state electrolytes, the analysis shows that pronounced dynamical heterogeneities govern the ionic hopping motion. If dynamical heterogeneities exist, NMR four-time correlation functions allow one to measure the time scale of exchange processes within the rate distributions. For silver ion dynamics in a crystalline and a glassy material, the results indicate that initially slow ions exhibit random new rates from broad rate distributions after very few jump events.
Introduction
Despite of an enormous technological importance of solid-state electrolytes, a generally accepted theory of ion transport in solids is still lacking, limiting knowledge-based design of new materials. A development of a fundamental understanding of the transport mechanisms requires a detailed characterization of the ionic hopping motion in solids on a microscopic level. Measurement of NMR multi-time correlation functions (MT-CF) proved very useful for such characterization.
Solid-state NMR studies of ion dynamics have a long-standing history [1] . Traditionally, spin-lattice relaxation and line-shape analyses were used to determine correlation times τ of the ionic hopping motion in crystals and glasses [2] [3] [4] [5] [6] [7] [8] . These NMR approaches often yield activation energies that deviate from the activation energy E dc describing the temperature dependence of the dc conductivity [1] . Specifically, due to the complex nature of the ionic hopping motion, the relaxation of the ions is often nonexponential rather than exponential so that NMR spin-lattice relaxation and line-shape analyses can suffer from a lack of knowledge about the exact shape of the correlation functions.
In this contribution, we show that NMR stimulated-echo analysis enables straightforward measurement of correlation functions of ion dynamics in solid electrolytes. This approach allows one to correlate the positions of an ion, more precisely, the resonance frequencies of the nucleus associated with the ion, at two, three, or four points in time, enabling detailed insights into the nature of the ionic jump motion [1, 9] . Here, we present results from 6 Li, 7 Li, and 109 Ag NMR stimulated-echo studies on various lithium-or silver-ion conducting crystals and glasses to demonstrate this potential.
NMR basics 2.1 NMR interactions
In NMR studies on solid-state electrolytes, properties of the local environment determine the resonance frequency ω of a nucleus associated with a mobile ion. In general, the environments differ at different positions in the solid matrix and, hence, ionic translational motion results in a time-dependence of the resonance frequency. Therefore, information about ion transport in solids is available when we correlate the frequencies ω(t) at different points in time.
The existence of well-defined ionic sites enables straightforward interpretation of NMR data for solid electrolytes. At sufficiently low temperatures, the jump motion between the sites occurs on a much longer time scale than the vibrational motion within the sites, which merely leads to a preaveraging of the NMR interactions. Then, it is often possible to ascribe an inherent resonance frequency to each ionic site so that any time dependence of ω can be traced back to a jump of an ion to a distinguishable site, see below.
Different NMR interactions dominate for diverse probe nuclei. Here, the chemical shift (CS), the dipole-dipole (DD), and the quadrupole (QP) interactions are important. The CS interaction describes the shielding of the external magnetic field at the nuclear site due to neighboring electrons, while the DD interaction is a consequence of the dipolar couplings between various nuclear magnetic moments. Nuclei with spin I ≥ 1 exhibit an electric quadrupole moment that couples to a local electric field gradient, leading to the QP interaction. In solids, these interactions are described by second rank tensors. Then, decom-position into isotropic and anisotropic contributions leads to [12] :
The isotropic contribution ω iso exists for the CS interaction, while it is absent for the DD and the QP interactions. Transforming into the principal axis system of the relevant interaction tensor, the anisotropic contribution can be written as [12] :
Here, θ and φ are the polar coordinates of the applied magnetic field B 0 in the principal axis system of the interaction tensor. Furthermore, the anisotropy parameter δ and the asymmetry parameter η are determined by the principal values of the interaction tensor [12] . While the former characterizes the strength of the interaction, the latter quantifies deviations from axial symmetry. For 109 Ag (I = 1/2), CS interactions are much stronger than DD interactions, which are negligible because of the low gyromagnetic ratio of this nucleus. Thus, when the matrix is rigid, inherent resonance frequencies ω i can be ascribed to the silver ionic sites. Then, the frequency of a nucleus changes when the corresponding ion jumps to a different site and the frequency is restored when the ion jumps back to the initial site at a later time. These effects enable straightforward interpretation of 109 Ag NMR MT-CF, see below. For 6 Li (I = 1) and 7 Li (I = 3/2), the QP interaction dominates, but Li−Li DD interactions can affect the experimental results. Specifically, in addition to site-specific contributions ω i , there are contributions ω d to the resonance frequency, which reflect the DD interactions with the magnetic moments of mobile lithium nuclei in the vicinity and, hence, depend on the occupancies of neighboring lithium sites. Then, the resonance frequency of a nucleus associated with a static lithium ion can change as a consequence of a redistribution of lithium ions at neighboring sites and the resonance frequency is not necessarily identical during consecutive visits of a site. In general, these effects have to be considered when interpreting Li NMR MT-CF, see below.
NMR multi-time correlation functions

Measurement
Measurement of NMR MT-CF was developed to investigate molecular dynamics in viscous liquids and melts [12, 13] . In these experiments, appropriate pulses divide the experimental time in short evolution times t p τ, during which the resonance frequencies of the nuclei are probed, and long mixing times t m ≈ τ, during which the resonance frequencies can change as a consequence of molecular dynamics. Specifically, the basic building block of these experiments is the stimulated-echo pulse sequence (pulse
Recently, NMR MT-CF proved very useful to study ion dynamics in solid and polymer electrolytes [1, [9] [10] [11] . When the height of the echo after the stimulated-echo pulse sequence is measured for various t m and constant t p , twotime correlation functions (2T-CF) can be obtained. In the following, we first focus on nuclei with spin I ≤ 1, including our cases of 6 Li and 109 Ag. For such nuclei, observation of the stimulated-echo decay provides access to the correlation functions [12, 13] :
Here, ω 1 and ω 2 are the resonance frequencies of a nucleus during the two evolution times, i.e., at two points in time separated by the mixing time t m . The brackets . . . denote ensemble averages and, throughout this contribution, the nomenclature F(x; y) is used to indicate that the function F(x) parametrically depends on the value of y. When a motion is characterized by nonexponential correlation functions, further insights are available from three-time (3T-CF) and four-time correlation functions (4T-CF). Such higher-order correlation functions can be obtained when appropriate pulse sequences are employed to correlate the resonance frequencies ω 1 , ω 2 , ω 3 , and ω 4 during four evolution times separated by three mixing times t m1 , t m2 , and t m3 . These pulse sequences can be regarded as two consecutive stimulated-echo experiments with mixing times t m1 and t m3 , respectively, which are separated by a mixing time t m2 . In principle, variation of all these mixing times for a constant value of t p allows one to map out a full data set F 4 (t m1 , t m2 , t m3 ). However, the most important questions concerning nonexponential relaxation can be addressed without measuring the full data set. A 3T-CF, which allows one to determine the origin of nonexponential relaxation, is obtained when t m3 is varied for constant t m1 ≡ t f ≈ τ and t m2 → 0 (ω 2 = ω 3 ≡ ω 23 ) [1, 13] :
When a distribution of correlation times G(log τ) exists, the time scale of exchange processes within this distribution can be measured by varying t m2 for t m1 = t m3 ≡ t f so as to record the 4T-CF
In Eqs. (5) and (6), mixing times that act as dynamical filters are denoted as filter times t f , see Sect. 2.2.2. In 7 Li NMR, I = 3/2 leads to more complex spin dynamics so that more elaborate pulse sequences can be required to measure MT-CF [1, 14] . For the present contribution, it is sufficient to note that the stimulated-echo pulse sequence provides straightforward access to F ss 2 for I = 3/2 nuclei, too, see e.g. [1, [15] [16] [17] .
All 7 Li and 109 Ag NMR experiments were carried out on a Bruker DSX 500 spectrometer at Larmor frequencies of 2π × 194.3 MHz and 2π × 23.3 MHz, respectively. The 6 Li NMR measurements on LiPO 3 glass were performed using a Bruker CXP 300 spectrometer and a Larmor frequency of 2π × 44.2 MHz. The 6 Li NMR data of Li 0.5 Ag 0.5 PO 3 glass were acquired in the laboratory of R. Böhmer at the Technical University Dortmund utilizing a homebuilt spectrometer at a Larmor frequency of 2π × 46.1 MHz. Further experimental details can be found in Refs. [16, [18] [19] [20] . Throughout this paper, we show normalized 2T-and 3T-CF, e.g., F 2 (0) = 1 and F 3 (0; t f ) = 1.
Analysis and interpretation
NMR MT-CF depend on the length of the evolution time t p . Noting that phases ωt p are correlated in the experiments, it is clear that small fluctuations of the resonance frequency lead to larger effects for long evolution times. The interpretation of NMR MT-CF is determined by the strength of single-particle interactions (CS or QP) with respect to multi-particle interactions (DD). In our Li/Ag NMR studies, the spectral widths associated with the QP/CS interactions, Δω i , and the Li−Li/Ag−Ag DD interactions, Δω d , are particularly relevant. Most straightforward interpretation of NMR MT-CF is possible in the case Δω i t p 1 Δω d t p . Then, the MT-CF are independent of the exact value of t p . In particular,
measures the probability that an ion occupies the same site or, for crystals, any periodic site after the mixing time t m . In detail, (i) ions that occupy the same or periodic sites at the beginning and at the end of the mixing time do contribute since, within experimental resolution, the frequencies are identical at equivalent sites, (ii) ions that reside at different sites, on average, do not contribute, and (iii) rearrangements of neighboring ions have no effect, i.e., single-particle correlations functions are measured. In 109 Ag NMR work on glassy and crystalline silver ion conductors, Δω i typically exceeds Δω d by about 3 orders of magnitude so that the above condition can be met [20] [21] [22] [23] [24] [25] [26] [27] . Specifically, all 109 Ag NMR MT-CF of the present contribution were measured using an evolution time t p = 100μs. This value is in the range, in which the decays of the studied samples are independent of the evolution time and [20, 21, 25] , enabling interpretation of the data in terms of Eq. (7). In 6 Li and 7 Li NMR, effects of Li−Li DD interactions and, hence, multi-particle contributions can affect the interpretation of NMR MT-CF. For example, in 6 Li NMR studies on glassy lithium ion conductors [1, 18] , Δω i ≈ 2π × 3 kHz and Δω d ≈ 2π × 0.6 kHz so that the ratio of these quantities only amounts to a factor of about 5. Moreover, DD interactions enable spin diffusion, i.e., a transfer of magnetization via flip-flop processes of spins, which leads to an additional damping of the stimulated-echo amplitude. Then, interference of the respective decays due to ionic jumps and spin diffusion can affect the interpretation of experimental data. However, adjustment of the 6 Li/ 7 Li ratio via isotopic enrichment and temperature-dependent measurements can help to overcome the problem [1, 18] .
Two fundamentally different scenarios can explain nonexponential relaxation [12, 13] . In the limit of purely homogeneous dynamics, all ions obey the same correlation function, which is, however, intrinsically nonexponential due to correlated forward-backward jumps, which are one of the cornerstones of current modeling approaches [28] . In the limit of purely heterogeneous dynamics, all ions are random walkers, i.e., correlated jumps are absent, but a distribution of correlation times G(log τ) exists. Analysis of 3T-CF, see Eq. (5), allows one to quantify the relevance of homogeneous and heterogeneous contributions to the nonexponentiality of 2T-CF. In this approach, the first stimulated-echo experiment of the pulse sequence is used to apply a dynamic filter, which is aimed at selecting a subensemble of slow ions, and the second stimulated-echo experiment is employed to determine whether dynamic filtering was successful by measuring the correlation function of the selected subensemble.
For a quantitative analysis, it is useful that expectations for the outcome of F 3 can be calculated on the basis of F 2 in the limits of purely heterogeneous and purely homogeneous dynamics. For the analysis, it is important to what extent back jumps restore the initial resonance frequency. Recently [29] , we showed that an involved analysis is inevitable when the difference of the resonance frequencies during consecutive visits of the same ionic site, δω, is of the order of the inverse evolution time, whereas straightforward interpretation is possible in the limits of exact restoration (δω t −1 p ) and inexact restoration (δω t −1 p ). In the latter limit, the resonance frequency at an ionic site changes due to dynamical processes in the environment, e.g., via time-dependent DD couplings to other mobile ions, whereas such effects are absent in the former limit.
First, we discuss the case of exact restoration, which can be met in 109 Ag NMR work on solid silver ion conductors [23] . Then, NMR MT-CF are sensitive to correlated forward-backward jumps, enabling determination of the relevance of such dynamics. The expectation for purely homogeneous dynamics and exact restoration is given by [23] :
In the limits of purely heterogeneous dynamics and exact restoration, it is necessary to specify the crossover pathways between different ionic sites in order to calculate an expectation. Moreover, we have to consider that, for crystals, the frequency is restored both when the ion returns to the initial site and when it visits a periodic site, while the latter effect does not exist for glasses, leading to different expectations for these types of materials. For crystals, the dependence on the pathway was shown to be small, resulting in a quasi-model free expectation for purely heterogeneous dynamics and exact restoration [23] :
Here N is the number of magnetically non-equivalent sites. For glasses, the expectation for purely heterogeneous dynamics and exact restoration is [23, 29, 30 ]
where G(κ) is the distribution of jump rates κ and F RW 2 (t, κ) is the 2T-CF resulting for a random walker described by a rate κ. The functions F RW 2 are nonexponential because the probability of a back jump to the initial site is finite even for a random walker in a glass as a consequence of a limited number of neighboring sites. The exact shape of these functions depends on the connectivity of the ionic sites in the glass matrix. Here, we exploit that information is available from molecular dynamics simulations, see below.
Next, we deal with the limit of inexact restoration. In this case, NMR MT-CF do not probe correlated forward-backward jumps. In particular, these homogeneous contributions do not affect 3T-CF, which are thus expected to agree with the prediction for purely heterogeneous dynamics and inexact restoration [31] :
This case may apply to 6 Li and 7 Li NMR 3T-CF. For these nuclei, the resonance frequencies at the lithium ionic sites fluctuate when a redistribution of neighboring lithium ions leads to time dependent Li−Li DD couplings. Assuming that Δω d is a measure for δω, we expect that the resonance frequencies of a 6 Li nucleus typically differ by δω ≈ (250 μs) −1 during consecutive visits of the same site. Hence, in 6 Li NMR, the limit of inexact restoration should be fulfilled when using evolution times of the order of several hundreds of microseconds.
When a distribution G(log τ) exists, NMR 4T-CF, see Eq. (6), can be used to measure on which time scale the ions exchange their correlation times. For this purpose, the same dynamical filter is applied during the first and the second stimulated-echo experiment of the pulse sequence. Then, ions that are sufficiently slow (τ > t f ) during the first and the second filtering periods contribute to the signal. Thus, F 4 (t m2 ) decays when slow (τ > t f ) ions become fast (τ < t f ) during the mixing time t m2 . In studies on solid-state electrolytes, restoration of the resonance frequency can hamper straightforward interpretation, but the effect is weak for broad distributions G(log τ) [26] . Then, it is possible to determine the rate memory parameter Q. It is a measure for the average number of jumps, which are necessary until a slow ion exhibits a random new rate from the distribution. Quantitative analysis is possible by comparison of experimental data with theoretical curves F Q 4 for various rate memories Q ≥ 1, which can be calculated according to [32] :
3. Results
Line-shape analysis
Before presenting results of NMR MT-CF, it is instructive to discuss applications of NMR line-shape analysis to ion dynamics in solid electrolytes. Figure 1 shows temperature-dependent 109 Ag NMR spectra of AgI 0.3 -(AgPO 3 ) 0.7 glass, which are typical of results for silver iodide doped silver phosphate glasses [20, 22] . We see that the spectra at sufficiently low and high temperatures are well described by a broad Gaussian and a narrow Lorentzian, respectively. While the former line shape revealed that silver ionic hopping motion is slow on the NMR time scale, the latter indicated that fast silver jumps result in motional narrowing. Specifically, at sufficiently low temperatures, the diversity of the local silver environments leads to a wide distribution of CS interaction parameters and, thus, to NMR spectra extending over roughly 15 kHz in high magnetic fields. At sufficiently high temperatures, all silver ions perform fast jumps on the time scale of the inverse spectral width, τ ≈ 10 μs, leading to an averaging over diverse silver ionic environments and, thus, resonance frequencies. Consistent with the present results, 109 Ag NMR Gaussian spectra were reported for silver iodide doped silver borate glasses at low temperatures [27, 33] .
At intermediate temperatures, the 109 Ag NMR line shapes of glassy silver ion conductors were well described by a weighted superposition of a broad Gaussian and a narrow Lorentzian, indicating that slow (τ 10 μs) and fast (τ 10 μs) silver ions coexist [20, 22, 27] . In this range, cooling resulted in a continuous decrease of the relative intensity of the Lorentzian, as can be seen for the example of AgI 0.3 -(AgPO 3 ) 0.7 glass in Fig. 1 . These observations showed that broad and continuous distributions of correlation times G(log τ) exist for the silver ionic hopping motion in glasses. It was concluded that the silver ionic mobility is higher in iodine rich environments since the position of the Lorentzian component, which results from the fast ions of the distribution, does not coincide with the center of gravity of the Gaussian component, Fig. 1 . 109 Ag NMR spectra of AgI 0.3 -(AgPO 3 ) 0.7 glass at various temperatures. The dashed lines are interpolations with weighted superpositions of a broad Gaussian and a narrow Lorentzian. The vertical doted line marks the position of the low-temperature spectrum. The data were adapted from Ref. [20] .
reflecting the slow ions [22] . Furthermore, 6 Li and 7 Li NMR spectra comprising broad Gaussian and narrow Lorentzian components were reported for glassy lithium ion conductors [1, 18] . Hence, NMR line-shape analysis revealed that strong dynamical heterogeneities govern ionic hopping motions in glasses. Then, it is not possible to extract reliable correlation times from a simple analysis of the temperature-dependent NMR line width, but it is necessary to take into account the existence of a broad distribution of jump rates [1, 18, 27] . Specifically, in recent work [18] , comparison with results from mechanical and electrical relaxation measurements showed that a simple line-width analysis underestimates the correlation times and their activation energy, see Fig. 2 . Nevertheless, detailed analysis of NMR line shapes can yield interesting insights into ion dynamics in solids, in particular, for crystalline materials [1] .
NMR two-time correlation functions
Stimulated-echo experiments enable direct measurement of correlation functions of ion jump dynamics in solids, see Sect. 2.2.1. We exploited the potential of 109 Ag NMR 2T-CF to characterize silver ion dynamics in various materials [20] [21] [22] [23] 25] . It was found that the temperature dependence of 109 Ag NMR Fig. 2 . 6 Li NMR correlation functions F ss 2 (t m ; t p ) of LiPO 3 glass (50% 6 Li enrichment), obtained from stimulated-echo experiments at 350 K, 310 K, 275 K, and 258 K. All data were corrected for spin diffusion, which leads to a low-temperature decay characterized by τ KWW = 0.37 s and β = 0.9. The evolution time was set to t p = 100 μs. The dashed lines are KWW fits with β = 0.27 and C = 0, see Eq. (13). Inset: Arrhenius plot of the mean correlation times τ resulting from the KWW interpolations (2T). The solid line is a fit with an Arrhenius law, yielding an activation energy of E a = 0.66 eV. For comparison, we include results from 7 Li NMR lineshape analysis (LS) and mechanical relaxation studies (MR) [39] on LiPO 3 glass. The data were adapted from Ref. [18] .
2T-CF follows the Arrhenius law. The resulting values of the activation energy are nicely consistent with E dc , implying that the elementary steps of the longrange charge transport are probed. Moreover, for all studied crystalline and glassy materials, strongly nonexponential correlation functions were observed. The decays were well described by a modified Kohlrausch-Williams-Watts (KWW) function:
Here, the stretching parameter β is a measure for the nonexponentiality and a finite residual correlation C can result for crystals because of a finite number of magnetically distinguishable sites. 6 Li and 7 Li NMR stimulated-echo experiments proved a versatile tool to study lithium ionic motion in solids [1, 15, 17, 18, [34] [35] [36] [37] [38] . For these nuclei, Li−Li DD interactions can facilitate spin diffusion. However, contributions from spin diffusion and ion dynamics to stimulated-echo decays can often be separated based on temperature-dependent experiments, in particular, when the former effect is slowed down by isotopic dilution. Specifically, it is possible Fig. 3 . 7 Li NMR correlation functions F ss 2 (t m ; t p ) of the garnet Li 5 La 3 Nb 2 O 12 for an evolution time of t p = 15 μs. The sample was annealed at 900
• C. All data were corrected for spin diffusion, which results in a low-temperature decay described by τ KWW = 0.18 s and β = 0.51. The dashed lines are fits with a modified KWW function, see Eq. (13), yielding β = 0.34-0.51 and C = 0.28-0.44. Inset: Arrhenius plot of the mean correlation time τ , as obtained from these interpolations. The solid line is an Arrhenius fit with an activation energy of E a = 0.38 eV. The data were adapted from Ref. [19] .
to determine the spin-diffusion contribution at low temperatures when ion dynamics is too sluggish to attenuate the stimulated echo. Exploiting that spin diffusion is largely independent of temperature, its effect upon the stimulatedecho decays at higher temperatures can be removed by division [18] .
In Fig. 2 , we present 6 Li NMR 2T-CF of LiPO 3 glass, which were corrected for spin diffusion in the described manner [18] . It is evident that the decays are nonexponential and shift to longer times upon cooling. In KWW fits, a stretching parameter β = 0.27 was found to well describe the nonexponentiality of all decays [18] . Employing the Γ function, the mean correlation times τ were calculated from the fit parameters according to τ = (τ KWW /β)Γ(1/β). The temperature dependence of τ is displayed in the inset of Fig. 2 . We see that the correlation times from 6 Li NMR 2T-CF are in harmony with that from mechanical relaxation studies [39] . Furthermore, unlike NMR line-shape analysis, NMR stimulated-echo analysis yielded an activation energy that agrees with E dc = 0.66 eV [40] . The fact that 2T-CT give microscopic access to long-range transport parameters was also shown in 7 Li NMR stimulated-echo work on crystalline Li 7 BiO 6 [34] . In addition, the good agreement of the present stimulated-echo data with previous mechanical and electrical relaxation data [39, 40] justifies the used spin-diffusion correction approach. Figure 3 shows 7 Li NMR 2T-CF of the garnet Li 5 La 3 Nb 2 O 12 . Again, spindiffusion correction was applied [19] . Previous studies showed that lithium dy- 6 Li NMR data for the lithium ion dynamics at T = 375 K (t p = 600 μs) and (b) 109 Ag NMR data for the silver ion dynamics at T = 360 K (t p = 100 μs). For both ionic species, F 3 (t m3 ) was recorded using a filter time of t f = 5 × 10 −3 s. The dotted lines are KWW fits of F 2 (t m ). The solid lines are the respective expectations for the 3T-CF in the limit of purely heterogeneous dynamics. For 6 Li, the expectations are calculated according to Eq. (11), i.e., inexact restoration of the resonance frequency is assumed, see Sect. 2.2.2. For 109 Ag, we suppose exact restoration and utilize Eq. (10). The shape of F RW 2 was obtained from molecular dynamics simulations for LiPO 3 glass [30] . namics strongly depends on the annealing temperature for this garnet [19, 37] . Here, we focus on a sample annealed at 900
• C [37] . In Fig. 3 , we see that the correlation functions exhibit a finite long-time plateau for this crystal. Fitting to Eq. (13) yields a residual correlation C ≈ 0.28 near ambient temperatures. It was suggested that such plateau results from a coexistence of octahedral and tetrahedral lithium sites, leading to a bimodal distribution of correlation times for Li 5 La 3 Nb 2 O 12 [19, 37] . Then, the slow component is static on the experimental time scale at the studied temperatures, resulting in a finite plateau at long times. The hopping motion of the fast component follows an Arrhenius law with an activation energy of E a = 0.38 eV. Moreover, it is governed by nonexponential correlation functions, which are described by stretching parameters β = 0.34-0.51. Hence, strongly nonexponential lithium ion dynamics is not restricted to glasses, but it can also occur in crystals, consistent with previous results [1] .
In NMR work on solid electrolytes featuring more than one mobile ion species, the element selectivity of the method can be exploited to separately investigate the dynamical behaviors of the different ionic species. In particu-lar, stimulated-echo experiments allow us to directly measure the correlation functions of the respective hopping motions. Figure 4 shows 6 Li and 109 Ag NMR 2T-CF of Li 0.5 Ag 0.5 PO 3 glass at comparable temperatures. Comparison of the decays indicates that lithium and silver dynamics occur on similar time scales in this mixed cation glass. However, the correlation functions are more nonexponential for the larger silver ions than for the smaller lithium ions. Specifically, KWW fits yield β = 0.33 and β = 0.46 for the former and the latter ionic species, respectively. More detailed insights into the mixed cation effect of Li x Ag 1−x PO 3 glasses are available when analyzing the dependence of the 6 Li and 109 Ag NMR 2T-CF on temperature and composition. These results will be published elsewhere [41] . Below, we will use 6 Li and 109 Ag NMR 3T-CF to investigate the origin of the nonexponential ionic relaxation in Li 0.5 Ag 0.5 PO 3 glass.
NMR three-time correlation functions
The above results of NMR stimulated-echo studies reveal that strongly nonexponential correlation functions often characterize the ionic hopping motion in crystals and glasses. Therefore, it is very important to understand the origin of this key feature of charge transport in solid-state electrolytes. NMR 3T-CF allow one to quantify the relevance of homogeneous and heterogeneous contributions to the nonexponentiality, see Sect. 2.2.2 [12, 13, 23] . In Fig. 5 , we present 109 Ag NMR 2T-CF and 3T-CF of γ -Ag 5 Te 2 Cl at T = 204 K [25] . 5 . 109 Ag NMR 2T-CF and 3T-CF of polycrystalline γ -Ag 5 Te 2 Cl at T = 204 K. In all measurements, the evolution time was set to t p = 100 μs. F 3 (t m3 ) was recorded using a filter time of t f = 2 × 10 −2 s. The experimental 3T-CF is compared with expectations for purely homogeneous dynamics (F   hom  3 ) and for purely heterogeneous dynamics (F het Again, Eq. (13) enabled a good description of the 2T-CF. While a stretching parameter β = 0.36 indicated the nonexponentiality of the ion dynamics, a residual correlation C = 0.05 was consistent with 20 crystallographically distinct silver sites in γ -Ag 5 Te 2 Cl [25] . The observation of a finite long-time plateau showed that the resonance frequency of a silver ion is restored when it returns to the initial site or visits a periodic site during the diffusion process. This is a necessary condition for an observation of homogeneous contributions to the nonexponentiality due to correlated forward-backward jumps, see Sect. 2.2.2. The experimental 3T-CF was compared with the predictions for purely homogeneous dynamics (F hom 3 ) and purely heterogeneous dynamics (F het 3 ), which were calculated using Eqs. (8) and (9) . While F hom 3 substantially deviates from the experimental data, F het 3 agrees with the measured decay, expect for minor deviations at short times. Thus, the nonexponentiality of the NMR correlation function largely results from heterogeneous contributions. Consistently, 109 Ag NMR 3T-CF indicated that the nonexponential silver ionic relaxation in β-Ag 7 P 3 S 11 is due to dynamical heterogeneities rather than to intrinsic nonexponentiality [23] .
Likewise, 109 Ag NMR MT-CF revealed that pronounced dynamical heterogeneities govern the silver ionic hopping motion in silver iodide doped silver phosphate glasses [20] , in harmony with the results of the above line-shape analysis. Here, we use 109 Ag NMR and 6 Li NMR 3T-CF to separately investigate silver and lithium ion dynamics in the mixed cation glass Li 0.5 Ag 0.5 PO 3 . We point out that this study is the first experimental application of 6 Li or 7 Li NMR 3T-CF to lithium ion dynamics. In Fig. 4 , it is evident that the experimental data are well described by F het 3 for both silver and lithium ions, but the interpretation of this observation differs for the ionic species. In the case of 109 Ag, F het 3 is calculated according to Eq. (10) assuming exact restoration of the resonance frequency. While it is not possible to directly test this assumption for glassy ion conductors because of the diversity of all sites in a disordered matrix, it is motivated by the observation of a finite residual correlation for crystalline silver ion conductors [23, 25] and by the negligible Ag−Ag DD couplings, see Sect. 2.2.2. Hence, the analysis yields strong evidence that the nonexponentiality of the 109 Ag NMR 2T-CF of the mixed cation glass is due to the existence of a broad distribution of ionic jump rates, whereas intrinsic nonexponentiality plays a minor role. In the case of 6 Li, F het 3 is computed according to Eq. (11), i.e., we assume inexact restoration of the resonace frequency since Li−Li DD couplings lead to t p δω = 2-3 for the used evolution time t p = 600 μs, see Sect. 2.2.2. Then, 6 Li NMR MT-CF should hardly probe correlated forward-backward jumps and, thus, any nonexponentiality of the 2T-CF should result from dynamical heterogeneities, which in turn means that the 3T-CF should coincide with the expectation F het 3 . In Fig. 4 , we see that the experimental 6 Li NMR 3T-CF of Li 0.5 Ag 0.5 PO 3 glass indeed agrees with the expectation for purely heterogeneous dynamics. We conclude that, for 6 Li, any nonexponentiality of NMR 2T-CF for sufficiently long evolution times directly reflects the distribution of jump rates and analysis of NMR 3T-CF does not allow one to determine the relevance of correlated forward-backward jumps.
NMR four-time correlation functions
Since silver ionic hopping motions exhibit strong dynamical heterogeneities in silver iodide doped silver phosphate glasses [20] , it is interesting for how many jumps the silver ions remember their jump rates, i.e., to determine the time scale of rate exchange. NMR 4T-CF enable straightforward measurement of the life time of dynamical heterogeneities [12, 13, 26] . Figure 6 shows 109 Ag NMR 4T-CF of (AgI) 0.43 -(Ag 4 P 2 O 7 ) 0.57 glass. In general, restoration of the resonance frequency affects the interpretation of NMR 4T-CF. However, it was shown that, in the present case of a very broad rate distribution, observation of a decay still indicates the existence of rate exchange processes [26] . Comparison of the decays of the 2T-CF and the 4T-CF reveals that the ionic jumps and the exchange within the broad rate distribution occur on comparable time scales. Quantitative analysis was possible based on the rate memory parameter Q, see Sect. 2.2.2. It is a measure for the average number of jumps, which are necessary until a slow ion exhibits a random new rate from the distribution [32] . In Fig. 6 , we compare the experimental 109 Ag NMT 4T-CF with expectations for different values of Q, which were calculated from the corresponding 2T-CF according to Eq. (12) . We see that the theoretical curve for Q = 5 is in reasonable agreement with the experimental data, indicating that, in the studied silver iodide doped silver phosphate glass, initially slow silver ions exhibit random new rates from the distribution after very few jumps. In other words, the Fig. 6 . 109 Ag NMR 2T-CF and 4T-CF of (AgI) 0.43 -(Ag 4 P 2 O 7 ) 0.57 glass at T = 210 K. In all measurements, the evolution times were set to t p = 100 μs. F 4 (t m2 ) was recorded using a filter time of t f = 10 −2 s. The solid lines are theoretical curves for rate memory parameters Q = 1 and Q = 5, respectively, see Eq. (12) . The dashed line is a KWW fit of F 2 (β = 0.2). The data were adapted from Ref. [26] . dynamical heterogeneities are short-lived so that use of an average correlation time is sufficient to describe the charge transport on length scales larger than a few interatomic distances. Consistently, 109 Ag NMR 4T-CF indicated fast rate exchange for silver ion dynamics in β-Ag 7 P 3 S 11 [23] .
Conclusion
We demonstrated that NMR multi-time correlation functions provide detailed insights into the nature of lithium and silver ionic hopping motions in solidstate electrolytes. Stimulated-echo experiments enable straightforward measurement of two-time correlation functions of the ion dynamics. While lineshape and spin-lattice relaxation analyses often underestimate the temperature dependence of ion dynamics, stimulated-echo experiments yield activation energies, which nicely agree with that obtained from dc conductivity and mechanical relaxation studies. Hence, the latter NMR technique probes the elementary steps of the long-range charge transport. NMR two-time correlation functions showed that the ion jump dynamics is nonexponential in all studied crystalline and glassy materials. Although nearly exponential correlation functions were observed for a crystalline lithium ion conductor [17] , we conclude that nonexponential ionic relaxation is a key feature of most solid-state electrolytes.
NMR three-time correlation functions allow one to quantify the origin of nonexponential ionic relaxation. The analysis indicated that pronounced dynamical heterogeneities govern ion dynamics in the studied crystals and glasses. The detailed interpretation of NMR three-time correlation functions can depend on the studied material and the used nucleus. In this context, it is important whether back jumps restore the initial resonance frequency of a nucleus within the experimental resolution. A straightforward answer to this question exists for crystals, but it does not for glasses. Specifically, due to a finite number of distinguishable ionic sites in crystals, restoration of the resonance frequency is indicated by the existence of a finite plateau of the twotime correlation function at long mixing times, provided the data are recorded using a suitable evolution time such that Eq. (7) applies. Then, NMR multitime correlation functions are sensitive to correlated forward-backward jumps and, hence, their analysis allows one to determine the relevance of such dynamics. For two crystalline silver ion conductors, the analysis showed that intrinsic nonexponentiality, i.e., correlated forward-backward motion, hardly contributes to the nonexponentiality of NMR correlation functions.
In studies on glasses, an essentially infinite number of distinguishable ionic sites results in complete decays of the correlation functions irrespective of whether back jumps do or do not restore the initial resonance frequency of a nucleus and, hence, a clear criterion for the sensitivity of NMR multitime correlation functions to correlated forward-backward jumps is lacking. Then, the data do provide information about the existence of dynamical het-erogeneities, but they do not necessarily yield insights into the relevance of correlated forward-backward jumps. Specifically, two explanations can rationalize an agreement of experimental three-time correlation functions with the prediction for purely heterogeneous dynamics: correlated forward-backward jumps are either not relevant or they are not probed by the technique. By analogy with results for crystalline materials, it is reasonable to assume that 109 Ag NMR is sensitive to forward-backward jumps and, hence, the data should yield insights into the relevance of such dynamics for glasses, too. By contrast, correlated forward-backward jumps are hardly probed by 6 Li NMR three-time correlation functions, which were measured for the first time in the present contribution. Since DD interactions are not negligible with respect to QP interactions for 6 Li, the resonance frequency at a lithium site can change somewhat due to a redistribution of the lithium ions at neighboring sites, interfering with frequency restoration due to back jumps within the experimental resolution. Then, the nonexponentiality of two-time correlation functions directly reflects the dynamical heterogeneities. Therefore, our 6 Li NMR multi-time correlation functions for single cation and mixed cation glasses indicate the existence of strongly heterogeneous lithium dynamics, but they do not allow us to draw conclusions about the relevance of correlated back-and-forth motion of the lithium ions.
NMR four-time correlation functions enable measurement of the life time of dynamical heterogeneities in solid-state electrolytes, if existent. The results for a crystalline and a glassy silver ion conductor indicated that initially slow silver ions show a random new rate from the distribution after very few jumps. Therefore, extended regions where silver jump dynamics is fast and slow, respectively, do not exist in the studied materials. Rather, silver sites featuring different jump rates are intimately mixed. Then, as a consequence of the rate averaging process, a single mean correlation time suffices to describe silver ion migration on length scales larger than a few interatomic distances.
